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Abstract
The canopies of many tree species sustain a large diversity of folivorous arthropods
and phytopathogenic fungi. These organisms are thought to influence overall tree
and stand productivity. Leaf diseases caused by Phyllosticta owaniana and Peri-
coniella velutina, phytopathogenic fungi commonly found on the native riparian tree
Brabejum stellatifolium (wild almond), like any other leaf disease, can potentially
reduce a plant’s photosynthetic efficiency. In addition to these two phytopathogens,
the weevils Setapion provinciale and Setapion quantillum are abundant in wild almond
canopies. Despite their pervasive occurrence, the impacts of these phytopathogens
and arthropods on host tree leaf physiology have not been examined. The gas
exchange response of wild almond leaves to phytopathogens and folivore damage
was assessed. Leaf nitrogen, phosphorus and water content were also determined.
Declines in photosynthetic rates and other physiological parameters were associated
with increasing damage severity by weevils and phytopathogens in leaves of B. stel-
latifolium. Nitrogen and phosphorus contents were negatively associated with dis-
ease severity. Water and phosphorus contents were also negatively correlated with
increased weevil damage, while nitrogen content was positively correlated with it.
The observed responses of B. stellatifolium metabolic functioning to fungal pathogen
and folivory indicate a possibility of suppressed wild populations of wild almond.
Resume
La canopee de nombreuses especes d’arbres heberge une grande diversite d’arthro-
podes folivores et de champignons phyto-pathogenes. L’on pense que ces organis-
mes influencent la productivite generale des arbres et des jeunes plants. La maladie
des feuilles causee par Phyllosticta owaniana et Periconiella velutina, des champignons
phytopathogenes que l’on trouve frequemment sur l’arbre riverain indigene Brabe-
jum stellatifolium (amandier sauvage) peut, comme toute autre maladie des feuilles,
reduire l’efficacite de la photosynthese d’une plante. En plus de ces deux phytopa-
thogenes, les charancons Setapion provinciale et Setapion quantillum sont abondants
dans la canopee des amandiers sauvages. Malgre cette presence envahissante, les
impacts de ces phytopathogenes et des arthropodes sur la physiologie des feuilles
des arbres hôtes n’ont pas encore ete etudies. L’echange de gaz des feuilles d’aman-
diers sauvages qui repond aux dommages causes par les phytopathogenes et aux
folivores a ete etudie. Le contenu des feuilles en azote, en phosphore et en eau a
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aussi ete determine. Les diminutions du rythme de la photosynthese et d’autres
parametres physiologiques ont ete associes a la gravite croissante des dommages
dus aux charancons et aux phytopathogenes dans les feuilles de B. stellatifolium. Les
contenus en azote et en phosphore etaient negativement lies a la gravite des mala-
dies. Les contenus en eau et en phosphore etaient aussi negativement lies a la crois-
sance des dommages causes par les charancons, alors que les contenus en azote
etaient positivement lies a cet element. Les reponses observees dans le fonctionne-
ment metabolique de B. stellatifolium suite aux atteintes des pathogenes fongiques
et des folivores indiquent qu’il serait possible voir disparâıtre certaines populations
sauvages d’amandiers sauvages.
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1 | INTRODUCTION
Folivorous arthropods and phytopathogens cause damage to photo-
synthetic tissue, thereby affecting plant growth and, ultimately, the
primary production of plant communities (Aldea et al., 2006; Nabity,
Zavala, & Delucia, 2009; Sinclair & Hughes, 2010; Yang et al., 2007).
Insect folivory is known to reduce net primary production in forests,
grasslands and global agricultural output by an average of 15, 24
and 14%, respectively. This destruction can exceed 70% during out-
breaks (Carmona, Lajeunesse, & Johnson, 2011; Schowalter, 2012). A
number of researchers have explored how phytopathogens and foli-
vores reduce net photosynthesis either through direct observation
and measurement (Bechtold, Karpinski, & Mullineaux, 2005; King &
Caylor, 2010; Maoela, Jacobs, Roets, & Esler, 2016; Thomson, Cun-
ningham, Ball, & Nicotra, 2003; Zvereva, Lanta, & Kozlov, 2010) or
through modelling (e.g., Lopes & Berger, 2001). The results from
these studies show that levels of impact resulting from activities of
insect folivores and phytopathogens on photosynthesis vary and lar-
gely depend on the type of feeding damage (e.g., piercing or chew-
ing). This impact also depends on the type of fungal disease (e.g.,
chlorotic or necrotic leaf lesions) or the mode of defence deployed
by the host plant involved (Aldea et al., 2005; Nabity et al., 2009;
Tatagiba, Damatta, & Rodrigues, 2015; Tatagiba, Rodrigues, Filippi,
Silva, & Silva, 2014). Furthermore, a review by Nabity et al. (2009)
also showed that the impact of folivory on photosynthetic rate is
generally negative regardless of feeding mode.
The direct loss of foliage due to folivore activities generally leads
to a reduction in photosynthetic capacity (Nabity et al., 2009). A
growing body of evidence suggests that the underlying mechanisms
leading to a reduction in leaf photosynthetic capacity are complex.
These mechanisms range from fluid disruptions mostly through nutri-
ent transport (Sack & Holbrook, 2006), induced reductions in meta-
bolic processes (e.g., Zvereva et al., 2010) to triggering defence-
related responses (Kessler & Baldwin, 2002). For instance, in the
leaves of Quercus velutina Lam. and Cercis canadensis L., the
deleterious action of folivores and phytopathogens affects electron
transport in the chloroplasts of the remaining tissues, thereby reduc-
ing photosynthetic rate (Aldea et al., 2005). This is the result of
changes in the primary photosynthetic reactions (as reported by Veli-
kova et al., 2010) which can be manifested in various forms. One
way is through reduced carbon assimilation rates and photosystem II
quantum operating efficiency in damaged leaves (Zvereva et al.,
2010) because of triggered production of defence compounds to dis-
suade folivorous insects and fungal pathogen attacks (Bown, Hall, &
Macgregor, 2002; Leon, Rojo, & Sanchez-Serrano, 2001; Small, Flett,
Marasas, McLeod, & Viljoen, 2012). Another is through the emissions
of volatile organic compounds which can affect defence mechanisms
of plants (Dicke & Hilker, 2003). Lastly, through internal recycling of
carbon and nitrogen, which can be diverted away from primary
metabolism like production of photosynthetic enzymes to induce
production of defence compounds (Agrawal, Karban, & Colfer, 2000;
Aldea et al., 2006). The diversion of carbon and nitrogen away from
primary metabolism may be exacerbated when it is necessary for a
plant to produce defence compounds against damage caused by
folivorous insects and/or phytopathogens simultaneously (Mith€ofer
& Boland, 2012). This may increase the rate of leaf abscission (Man-
ter & Kavanagh, 2003) instead of offering cross-protection (Aldea
et al., 2006). Plant nutritional quality and plant water relations may
be impacted negatively through a reduction in photosynthesis as a
result of folivory or polypathogen activities (Robert, Bancal, & Lan-
nou, 2002; Santos, Alves-Silva, Cornelissen, & Fernandes, 2013; San-
tos, Santos, et al., 2013; Snoeijers, Perez-Garcia, Joosten, & Wit,
2000).
Nitrogen is essential for growth, survival and reproduction of
folivores (Ayres, Wilkens, Ruel, Lombardero, & Vallery, 2000; Bentz
& Townsend, 2001), and also for growth and development of phy-
topathogens on or within plants (Franzluebbers & Hill, 2005; Larkin,
Hunt, & Ramsey, 2012). On entering a plant, the amount of nitrogen
(N) available to a fungal pathogen will depend on the tissues being
colonized and nitrogen content of that invaded tissue (Walters &
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Bingham, 2007). Mode of nutrition may also affect available nitro-
gen, with hemibiotrophic phytopathogens having access to a wider
range of N sources than biotrophic phytopathogens, which are lim-
ited by the amount of available N in extrahaustorial matrix of apo-
plasts (Olufemi, Georgina, Sunday, Oyeboade, & Taiwo, 2002).
Available data show a direct relationship between increase in
fungal disease and insect folivory severity on the one hand and
increase in leaf N content on the other (Bancal, Robert, & Ney,
2007; Carvalho et al., 2014; Robert, Bancal, Ney, & Lannou, 2005).
The effects of phosphorus (P) on the impact of fungal diseases and
folivory are not well understood, as results of various studies are
contradictory. For instance, Sweeney, Granade, Eversmeyer, and
Whitney (2000) showed that P had a moderately suppressive effect
on wheat leaf rust. Djassinra, Elhartiti, Mammad, and Ounine (2015)
found that elevated P content increased the severity of Xanthomonas
fragariae disease on strawberry plants although the increase in dis-
ease severity was relatively low when compared to increasing N
content. However, general trends relating to fungal pathogen dam-
age and insect folivory on foliar nutrients, and their effect on plant
functioning is equivocal as there are few systematic studies which
compare these two damage types (e.g., Awmack & Leather, 2002;
Ayres et al., 2000; Huberty & Denno, 2006).
We investigated the physiological parameters and leaf nutrients
in wild almond leaves with varying levels of fungal pathogen and
folivore damage in this study. This investigation was to (i) ascertain
why some native plants, for example Brabejum stellatifolium and M.
angustifolia in restored riparian zones recover slowly after removal of
invasive alien plants such as A. mearnsii (as shown in Maoela et al.,
2016), and (ii) provide insights into how the employed plant defence
mechanisms are likely to affect the metabolic costs of affected hosts,
as well as the activities of folivores and fungal pathogens. The fol-
lowing questions on the interaction between phytopathogens, folivo-
rous insects and their host B. stellatifolium L. were addressed: (i)
What are the impacts of the phytopathogens Phyllosticta owaniana
(G. Winter) and Periconiella velutina (G. Winter) and the weevils Seta-
pion provinciale (Balfour-Browne) and Setapion quantillum (Balfour-
Browne) on gas exchange in leaves? (ii) How do gas exchange
parameters, nutrients and water contents relate to damage severity?
2 | MATERIALS AND METHODS
2.1 | Study area
We conducted our study along the Eerste River at Jonkershoek nature
reserve (3359037.22″S, 1858035.77″E; 395 m a.s.l.) in the Western
Province of South Africa. The natural vegetation of the Jonkershoek
area is mainly mountain fynbos (Buys, van der Walt, & Boucher, 1991).
The study area lies near the town of Stellenbosch in the south-western
Cape and is topographically defined and enclosed by mountain ranges.
The predominant surrounding land use of the nature reserve is mostly
a combination of natural areas and agriculture (vineyards). Its climate is
fairly typical of the south-western Cape commonly described as “Ete-
sian of the Mediterranean type” (Werger, Kruger, & Taylor, 1972).
Summers are warm to very hot and strong south-easterly winds pre-
vail, creating a serious fire hazard.
2.2 | Study tree species
Brabejum stellatifolium (L.) (Proteaceae) is one of the most predomi-
nant tree species endemic to Fynbos biome of the Western Cape
Province, South Africa (Crous, Jacobs, & Esler, 2011). It prefers moist
areas, and commonly occurs in riparian areas and can tolerate a vari-
ety of soils and habitats (Crous et al., 2011; Swift, Jacobs, & Esler,
2008). This evergreen tree resembles Australian Proteaceae more clo-
sely than it does to South African members of the family because of
its morphological characters like flower pairs and stylar pollen pre-
sentation (Hoot & Douglas, 1998).
2.3 | Phytopathogens and weevils
Assessment of leaf damage (see Maoela et al., 2016) confirmed that wild
almond leaves are commonly infected by Phyllosticta spp. causing leaf
spots and Periconiella spp. (black sooty mould) throughout riparian zones
in the Western Cape Province. Phyllosticta and Periconiella are large gen-
era of ascomycete fungi, which together with numerous other species of
fungi, cause diseases on a variety of host plants (Stone, Polishook, &
White, 2004). Phyllosticta spp. occur in most temperate and Mediter-
ranean habitats, and the diseases they cause are largely characterized by
chlorotic to necrotic localized lesions (Martınez-Minaya, Conesa, Lopez-
Quilez, & Vicent, 2015). Periconiella spp. (black sooty mould) is described
as nonparasitic, saprophytic and superficial on plants (Jouraeva et al.,
2006). They are normally found on abaxial leaf surfaces, giving the leaf a
black colour. The specific Phyllosticta and Periconiella species that infect
wild almond in Western Cape riparian sites were identified as P. owani-
ana and P. velutina (Arzanlou et al., 2007; Swart, Crous, Denman, &
Palm, 1998). Lesions of P. owaniana typically are between 2 and 10 mm
in diameter and are angular to nearly round. P. velutina produces dark-
brown spores on the adaxial surfaces of the lesions and produces conidia
on dark reddish brown stromata.
Apart from the two mentioned phytopathogens, there are two
species of weevils most abundant in the South-Western Cape
(S. provinciale and S. quantillum) that are host specific to B. stellati-
folium (Proches, 2007). They are members of an African endemic
group of Apionidae called Tanaonimi (Proches, 2007). S. provinciale
appears only in spring (August to mid-October), whereas S. quantil-
lum is likely to be seen throughout the year (Proches, 2007). Despite
occurring in large numbers, into the hundreds of millions (see
Proches, 2007), no study has been undertaken quantifying leaf phys-
iological responses to their damage. Damage by each weevil was not
considered separately as both species create numerous very small
openings in the cuticle of the leaf.
2.4 | Measurements of leaf physiological variables
Before starting the measurements of leaf physiological parameters,
visual assessment of the presence of folivory damage caused by
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P. owaniana and P. velutina diseases was conducted on each of 10
trees (diameter at breast height between 10 and 28 cm) in February
2010 in Eerste River at Jonkershoek. Selected individuals had similar
heights and stem diameters for each species, respectively, across all
sites (to minimize possible difference in susceptibility due to plant
age), and all were within 5 m of the water’s edge (to minimize possi-
ble differences in susceptibility due to water stress) (Crous et al.,
2011). From each of the 10 selected trees, 12 fully expanded leaves
were randomly chosen to study their physiology. Leaves damaged by
both fungi and insects were not considered in this study. Black
mould-infected leaves were also separated from leaf spot infected
leaves. Each of the selected leaves was visually analysed for damage
and disease severity (intact = 0% [used as control leaves]; 1 = > 0%–
20%; 2 = 21%–40%; 3 = 41%–60% and 4 = 61%–100% of leaf area
damaged). This method was modified from Garcıa-Guzman & Dirzo
(2001, 2004) and Eichhorn, Nilus, Compton, Hartley, and Burslem
(2010). Damage severity was defined as the percentage of leaf area
visibly infected by a fungal pathogen or area damaged by feeding
activities of arthropods.
After measuring photosynthesis, all experimental leaves (30
damaged by weevils, 39 by leaf spot fungus, and 31 black-mould
infected) were removed from the trees (with their petioles intact)
and immediately transported to the laboratory, where their outli-
nes were traced on a transparency and photographed (Table S1).
Images were then used to determine the percentage of leaf tissue
consumed by weevils and infected by fungi using Digimizer image
analysis software (v 4.2.2, MedCalc Software, Ostend, Belgium).
Digimizer measurements were considered for data analyses and
regrouped into five categories used in visual estimation of damage
levels.
2.4.1 | Net photosynthesis measurements
All experiments were conducted during midday in summer, when air
temperatures were above 30°C. Obtaining photosynthesis measure-
ments under natural environmental conditions is important to deter-
mine the status of radiation-use efficiency (Bradford, Hicke, &
Lauenroth, 2005). A portable photosynthesis system, LCPro (ADC,
Hoddesdon, UK), was used to collect photosynthetic measurements
from individual leaves (matured and fully expanded), still attached to
the tree. The chosen leaves were fully exposed to sunlight. On each
individual tree, 10 damaged leaves were randomly selected, and
paired with three comparable, but undamaged leaves which served
as a control. Using the LCPro, two to four photosynthetic rate
(Amax), measurements per leaf were collected, and the values
averaged to yield a single value for each leaf, for data analysis.
Measurements were carried out from 12:00 to 14:00 hr when pho-
tosynthetic photon flux density levels are usually at their highest
(Pellegrini et al., 2015) so that all B. stellatifolium leaves were light
saturated. The stomatal conductance (gs), transpiration rate (E) and
leaf temperature (Tleaf in °C) variables were measured concurrently
with photosynthetic rate by appropriate sensors installed within the
leaf chamber.
2.4.2 | Leaf water content
A separate set of 20 leaves per type of damage (apart from the ones
used for photosynthesis measurements) were collected and weighed
to determine fresh weight. They were then dried in an oven for
48 hr at a temperature of 60°C, to determine the dry weight (DW).
Damage severity was determined as outlined above for leaves used
in photosynthesis measurements.
2.4.3 | Leaf nutrient content analysis
Nutrient analyses were performed on dried leaf tissue samples that
were used for leaf water content determination. These tests were
performed by the Institute for Plant Production in Western Cape
Department of Agriculture. Nitrogen concentrations were deter-
mined by following the semimicro Kjeldahl method using a Tecator
Kjeltec Auto 1030 Analyser after saturating samples in concentrated
sulphuric acid with a selenium catalyst. Phosphorus was measured
using an Inductively Coupled Plasma Spectrometer (Saez-Plaza,
Michałowski, Navas, & Asuero, 2013, and reference therein).
2.5 | Data analyses
A one-way analysis of variance (ANOVA) followed by a post hoc
Tukey multiple comparison test was used to examine differences in
leaf gas-exchange processes and nutrients (separately) between the
control and various damage severity classes in mature leaves. Pear-
son’s correlation was used to examine the relationships between
increases in damage severity and increases in Amax, gs, E, Tleaf and
leaf nutrients for each damage type. Pearson’s correlation coeffi-
cients were calculated to examine the strength of these relationships
(Table S2). All statistical analyses were performed in STATISTICA
version 11 (Statsoft, Corporation Tulsa, USA).
3 | RESULTS
3.1 | Black mould (Periconiella velutina)—
photosynthesis and gas exchange relationships
There was significant negative correlation between the amount of
leaf area covered by black mould and photosynthetic rate (Amax:
r2 = .71; Figure 1a). B. stellatifolium leaves with low damage levels
had significantly lower mean photosynthesis values compared to
undamaged leaves (F[1, 49] = 17.74, p < .001; Table 1). As damage
increased, a significant decrease in Amax was observed for severely
damaged areas (Table 1). Other physiological processes were also
affected by black mould disease. A small increase in damaged leaf
area resulted in large and significant reduction in stomatal conduc-
tance (gs: r
2 = .67; Figure 1b), as indicated by decreasing mean val-
ues at increasing damage intervals (F[1, 49] = 72.06, p < .001;
Table 1). Stomatal conductance has a close relationship with leaf
transpiration as water exits the leaf through the stomata. In our
study, transpiration and damage intensity (damaged leaf area) were
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significant and negatively correlated (E: r2 = .34; Figure 1c) and var-
ied over the four damage intervals (F[1, 49] = 7.735, p = .008;
Table 1). Overall, the transpiration levels of leaves covered with
black mould were low (<2 mmol m2 s1).
There were significant differences among leaf temperature values
for leaf damage categories (F[1, 49] = 25.83, p < .001; Table 1). The
observed mould-induced decline in Amax may also be partially due to
a temperature effect, as the abaxial surface temperature of black
mould diseased leaves of the highest disease level was on average
4°C warmer than that of a mould-free leaf (Tleaf: r
2 = .52; Figure 1d).
While water content of wild almond leaves increased with
increasing levels of black mould leaf coverage, the increase was not
significant (F[1, 18 = 1.69, p = .2; Figure S1). Leaf N content ranged
from 0.2% to 1.6% DW and leaf P content from 0.04% to 0.16%
DW. There was a significant, negative correlation between nitrogen
and levels of disease severity (r2 = .56, p = .005). The relationship
between P and disease severity was very weak and insignificant
(r2 = .07, p = .25).
3.2 | Leaf spot (Phyllosticta owaniana)—
photosynthesis and gas exchange relationships
Phyllosticta owaniana leaf disease had a significant negative effect
on photosynthetic rate of wild almond leaves (F[1, 57] = 82.32,
p < .001; Table 2). As disease severity increased, Amax decreased
significantly (Amax: r
2 = .58; Figure 2a). Amax was reduced by
approximately one half at 20% disease severity, and values
approached zero for leaves with >50% necrotic leaf area. Leaf
stomatal conductance was strongly and negatively related to dis-
ease severity (gs: r
2 = .66, Figure 2b), as indicated by significantly
F IGURE 1 Photosynthetic rate (Amax:
a), net stomatal conductance (gs: b),
transpiration (E: c) and leaf temperature
(°C) (Tleaf: d) in relation to percentage of
leaves in the crowns of Brabejum
stellatifolium trees infected by black mould.
r2 = Pearson’s correlation coefficients. All
the trends were nonlinear; polynomials
provided the best fit
TABLE 1 Effects of black mould on
mean photosynthetic rate (Amax),
stomatal conductance (gs), leaf
temperature (Tleaf) and leaf transpiration
(E) of B. stellatifolium leaves
Damage category Amax gs Tleaf E
Control 8.99  0.45a 0.22  0.01a 25.35  0.69a 1.71  0.15a
>0%–20% 4.78  0.48b 0.23  0.01a 27.00  2.66b 1.39  0.08ab
21%–40% 2.39  0.31c 0.12  0.01b 30.25  0.64bc 1.13  0.04bc
41%–60% 1.39  0.26c 0.10  0.01b 31.94  0.77c 1.01  0.06c
B. stellatifolium, Brabejum stellatifolium.
Means  SE with the same letter are not significantly different, different letters denote means that are
statistically different (p < .05).
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decreasing mean values (F[1, 57] = 22.1, p < .001; Table 2). Stomatal
conductance stabilized at low levels for disease severity values
between 21% and 80% of the lesioned leaf area (Figure 2b,
Table 2). Leaf transpiration (E: r2 = .52, F[1, 57] = 14.08, p < .001;
Table 2; Figure 2c) and leaf temperature (Tleaf: r
2 = .79, F[1,
57] = 29.64, p < .001; Table 2; Figure 2d) were also negatively cor-
related with the necrotic area.
Contrary to the effect of black mould leaf coverage, there was a
significant decrease in water content in leaves affected by leaf spot
with increasing levels of fungal disease (F[1,18] = 3.66, p = .02; Figure
S2). Leaf spot severity only correlated significantly and negatively
with N (r2 = .72, F[1, 18] = 9.74, p < .001).
3.3 | Weevil-folivory—photosynthesis and gas
exchange relationship
The effect of S. provinciale and S. quantillum mesophyll-feeding leaf
weevils on the photosynthetic rate of wild almond leaves resulted in
a significant nonlinear negative relationship (r2 = .83, F[1, 48] = 110.6,
p < .001; Figure 3a). Photosynthetic rate was significantly reduced in
leaves even at low levels of weevil folivory (Table 3). As infestation
increased, an abrupt and significant decrease in photosynthetic rate
occurred (Table 3).
Stomatal conductance of damaged leaves increased significantly
with increasing damage severity (gs: r
2 = .69, F[1, 48] = 11.12,
F IGURE 2 Effect of leaf area damaged
by leaf spot on photosynthetic rate (Amax:
a), net stomatal conductance (gs: b), and
transpiration (E: c) and leaf temperature
(Tleaf: d) of leaves in the crowns of wild
almond trees infected by leaf spot.
r2 = Pearson’s correlation coefficients. All
the trends were nonlinear but polynomials
provided the best fit
Damage category Amax gs Tleaf E
Control 8.99  0.45a 0.22  0.01a 25.35  0.69a 1.71  0.15a
>0%–20% 7.69  0.48a 0.13  0.01b 22.08  3.50b 1.57  0.09ab
21%–40% 4.81  0.75b 0.08  0.01b 17.81  0.68c 1.01  0.05bc
41%–60% 3.18  0.58b 0.08  0.03b 13.53  0.90cd 0.79  0.13bc
61%–80% 2.91  0.31b 0.09  0.07b 11.30  0.23d 0.41  0.15c
B. stellatifolium, Brabejum stellatifolium.
Means  SE in the same column with the same letter are not significantly different, different letters
denote means that are statistically different (p < .05).
TABLE 2 The effects of leaf spot on
photosynthetic rate (Amax), stomatal
conductance (gs), leaf temperature (Tleaf)
and leaf transpiration (E) of
B. stellatifolium leaves
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p < .001; Figure 3b). There was a significant effect of folivory sever-
ity on leaves with both transpiration rates (E: r2 = .61, F[1,
48] = 16.10, p < .001; Table 3; Figure 3c) and leaf temperature (Tleaf:
r2 = .62, F[1, 48] = 25.27, p < .001; Table 3; Figure 3d) being higher
in damaged leaves than they were in healthy leaves. Both transpira-
tion and leaf temperature showed a significant spike at the highest
damage classes compared to the less severe damage classes
(Table 3).
Water content of wild almond leaves showed no change with
increasing levels of folivory (F[1, 18] = 1.27, p = .3) when compared
to their respective controls. No relationship was observed between
weevil damage and leaf N content (r2 = .09, F[1, 18] = 1.01, p = .18)




In this study, phytopathogens caused steep reductions in the photo-
synthetic rate of leaf tissue, which agrees with results of previous
studies (e.g., Oliveira, Sousa, Alves, Nogueira, & Santos, 2012). Here,
when disease severity reached 40% of leaf area, photosynthetic rate
was reduced threefold. This implies that a minor increase in infec-
tions of phytopathogens has a dramatic, negative impact on plant
health as measured by photosynthetic rate. The reduction in photo-
synthetic rate of infected leaves has been shown to depend on
stomatal functioning (Aldea et al., 2005; Lopes & Berger, 2001). Pre-
vious studies suggest that phytopathogens can either reduce (Prats,
F IGURE 3 Photosynthetic rate (Amax;
a), net stomatal conductance (gs; b), and
transpiration (E; c) and leaf temperature
(Tleaf; d) of leaves in the crowns of wild
almond trees damaged by folivorous
insects (the weevils Setapion provinciale
and Setapion quantillum). r2 = Pearson’s
correlation coefficients. All the trends were
nonlinear
TABLE 3 Effects of folivorous insects
(the weevils Setapion provinciale and
Setapion quantillum) on photosynthetic
rate (Amax), stomatal conductance (gs),
leaf temperature (Tleaf) and leaf
respiration (E) of B. stellatifolium leaves
Damage category Amax gs Tleaf E
Control 8.99  0.45a 0.22  0.01bc 25.35  0.69a 1.71  0.15a
>0%–20% 5.69  0.59b 0.12  0.004a 27.61  0.66a 2.20  0.16a
21%–40% 3.11  0.33c 0.18  0.01d 27.97  0.86a 2.13  0.25a
41%–60% 2.38  0.31c 0.19  0.01cd 29.15  0.81a 2.26  0.26a
61%–80% 1.73  0.28c 0.22  0.01bcd 34.45  1.02b 3.63  0.31b
81%–100% 0.57  0.16c 0.26  0.01b 35.33  0.23b 4.68  0.11b
Means  SE in each column with the same letter are not significantly different, different letters denote
means that are statistically different (p < .05).
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Carver, Gay, & Mur, 2007) or increase (Allegre et al., 2007; Lopes &
Berger, 2001; Oerke, Steiner, Dehne, & Lindenthal, 2006) stomatal
conductance. In our study, stomatal conductance of wild almond
leaves decreased sharply with increase in fungal disease severity.
The heavy coverage of black mould on the abaxial leaf surface has
been shown to cover the stomata (see Filho & Paiva, 2006; Santos,
Alves-Silva, et al., 2013; Santos, Santos, et al., 2013). The main result
of this interference is that the normal gas exchange processes of dis-
eased parts of the leaves are severely affected with negative conse-
quences for production (Santos, Alves-Silva, et al., 2013; Santos,
Santos, et al., 2013). This indicates that B. stellatifolium is, when
under heavy black mould coverage and severe damage by leaf spot,
severely stressed as its normal metabolism is affected.
In wild almond leaves, the decrease in stomatal conductance mir-
rored a decrease in transpiration, thereby lowering the internal con-
centration of water vapour and hence affecting photosynthetic rate.
No other mechanisms could be inferred from the measurements
taken, although the likelihood of other mechanisms cannot be
excluded. Grimmer, Foulkes, and Paveley (2012) in their review sug-
gested that the decrease in transpiration may be related to the
method in which phytopathogens infect leaves. For example, fungi
causing necrotic lesions like P. owaniana produce spore-bearing
structures that can use the stomatal pores as entry route or erupt
through the epidermis, breaking open the cuticle (Grimmer et al.,
2012). It has also been shown that phytopathogens associated with
a reduction in transpiration are associated with hypertrophy of chlor-
enchyma, reduction in air spaces, or obstruction of conductive tissue
and stomata (Siddiqui & Akhtar, 2007).
Apart from the above-mentioned variables, the observed dis-
ease-induced decline in photosynthetic rate may also be partially
due to a temperature effect (Archontoulis, Yin, Vos, Danalatos, &
Struik, 2012; H€uve et al., 2012). High temperature exacerbates
reductions in photosynthetic rate (H€uve et al., 2012; Olufemi et al.,
2002). However, this may be applicable only to black mould damage.
Olufemi et al. (2002) showed that an increase of about 4°C is
enough to contribute to suppression of photosynthetic rate of Man-
gifera indica (L.) leaves. As leaf temperatures of wild almond covered
by black mould increased by about 4°C in diseased leaves compared
to the nondiseased controls, it is likely that leaf temperature may
partially be responsible for the decline in photosynthetic rate. How-
ever, this is not the case with leaf spot, where temperature declined
with a decline in photosynthetic rate. This implies that although the
two fungi have similar major impacts on photosynthesis, the mecha-
nisms behind these impacts differ. The heating effect by black mould
coverage may be partially due to the natural absorption of radiant
energy by dark objects as well as because the mould acts as a barrier
to air movement with a loss of control over transpiration-induced
cooling. Changes in membrane semi-permeability brought about by
phytopathogens that cause physical lesions on the leaf surface like
leaf spot often result in decreases in leaf temperature due to alter-
ation of leaf water status (e.g., Oerke et al., 2006).
This study also showed that leaf spot disease, but not black
mould, may affect nutrient absorption and/or translocation, as leaf
water content decreased significantly with increase in disease sever-
ity. It is possible that the observed decreases in water content under
increased leaf spot reduce leaf tolerance to desiccation induced by
disease damage. The lack of a relationship between black mould and
leaf water content was not expected as accumulation of a biotrophic
fungal pathogen mat has potential to reduce penetration of sunlight
and stomatal opening, thus suppressing water loss (see Filho & Paiva,
2006).
As plants use defences such as increasing the level of leaf tan-
nins and lignins to mitigate biotic stressors (War et al., 2012), a sig-
nificant decrease in the levels of N as observed here could possibly
represent a reduction in plant defences against phytopathogens.
Plants may translocate N to leaves that are less affected or to
healthy leaves, such as was found by Munns (2002). Either one or a
combination of these responses would result in a decline in photo-
synthetic rate as nitrogen is essential to photosynthesis. The lack of
a response of leaf P content to black mould infections and leaf P
content for leaf spot suggest that factors other than P and leaf
water content have an effect on the amount of leaf material dis-
eased or that they are not related to severity of phytopathogens.
This warrants further research.
4.2 | Insect folivory
Insect folivory has been shown to either increase or decrease (e.g.,
see Heng-Moss et al., 2006; Zangerl et al., 2002) photosynthetic
rate. In this study, damage from the mesophyll-feeding leaf weevils
S. provinciale and S. quantillum caused large reductions in photosyn-
thetic rate. The presence of even a few scars representing <0.5% of
leaf area was enough to significantly reduce photosynthetic rate,
which implies that at a tree level, even light insect damage can
reduce production. This also means weevil damage can have a
potentially large impact on the health of B. stellatifolium. The
decrease in photosynthetic rate due to folivory is usually attributed
to a decrease in stomatal conductance to compensate for nonstom-
atal water loss around folivory damage (Aldea et al., 2005). Contrary
to this, stomatal conductance of damaged leaves increased with
increasing damage severity in this study. This is, however, consistent
with results of previous studies investigating effects of chewing
insects on plant physiology (Aldea et al., 2005; Marlin, Hill, Ripley,
Strauss, & Byrne, 2013; Neves, Oliveira, & Parra, 2006). The
increased stomatal conductance is likely because the weevils consid-
ered in this study create numerous very small openings in the cuti-
cle, which explains the increase in stomatal conductance, and, in
turn, the observed increase in transpiration. Increased evaporative
water loss implies leaf cooling, which was not found in Setapion-
damaged leaves of B. stellatifolium. Instead, leaf temperature
increased, which is consistent with Peterson, Higley, Haile, and Bar-
rigossi (1998). This increase in leaf temperature suggests some dehy-
dration of the tissue along the edges of the chew damage, an
observation previously reported by Peterson, Shannon, and Lenssen
(2004), which could result in a loss of temperature regulation
through transpirational cooling.
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Although increases in folivory severity have been related to
increases in leaf water content in other studies (M€unzbergova & Skuh-
rovec, 2013; Ricklefs, 2008), it was not the case for this study. Factors
other than water relations may be involved in the reaction of B. stellat-
ifolium to folivores. Sufficient leaf P and N are well-acknowledged fun-
damental requirements for proper cellular functioning and growth of
consumers (Elser et al., 2000; Richardson, Press, Parsons, & Hartely,
2002; Ricklefs, 2008). Leaf N content ranged from 0.2% to 1.6% of
DW while leaf P content ranged from 0.04% to 0.16% DW; these
levels are within the range found with plants that grow under natural
conditions (Center, Dray, Jubinsky, & Grodowitz, 1999). Huberty and
Denno (2006) reported that both leaf N and P contents increased with
increasing folivores damage. Relative to that study, our expectation
was that a significant correlation should exist between N and folivory
severity, however, this was not found.
It was previously noted by Maoela et al. (2016) that native trees
in restored sites (cleared of mostly woody invasive alien plants) con-
tinue to be damaged by folivorous insects and phytopathogens
resulting in damage levels in excess of that seen at invaded sites.
And results from the current study further showed that different dis-
eases have different effects on leaf photosynthetic capacity and
water relations, and likely affect leaf physiology through different
mechanisms, although the ultimate impact on physiology may be
similar. A slight increase in severity of folivory and phytopathogens
can have severe effects on tree metabolic functioning (e.g.,
decreased photosynthetic rate). While the mechanisms are unclear,
the resultant compromised physiology of B. stellatifolium may par-
tially explain the slow recovery of plant cover of this species in
restored sites. This information enough to benefit river managers
and policy makers when (re)defining and planning restoration strate-
gies of degraded riparian habitats in South Africa. Specifically, plant-
and leaf-level traits can indicate how to manipulate properties of
plant and arthropod communities to optimize restoration of invaded
ecosystems.
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